[1] A multiple-mode ice microphysical scheme is applied in the European Centre/ Hamburg (ECHAM) general circulation model to simulate effects of aerosol-ice interactions on global cirrus properties. The different ice modes represent cirrus ice formed by homogeneous freezing of liquid aerosols and heterogeneous nucleation on mineral dust or black carbon particles. A fourth ice mode represents ice from other sources. The competition of these modes for available water is realized in a physical parameterization scheme considering also the effect of preexisting ice on the ice nucleation process.
Introduction
[2] The climatic effect of cloud perturbations due to anthropogenic aerosol changes, the aerosol indirect effect, is one of the key issues in climate research [e.g., Forster et al., 2007; Heintzenberg and Charlson, 2009] . Many studies focus on interactions of aerosol with warm and mixedphase clouds [Lohmann and Feichter, 2005] . The role of ice nucleating aerosol in cirrus cloud formation receives increasing attention [Kärcher and Spichtinger, 2009] , partly triggered by new activities to study the aviation impact on climate change [Lee et al., 2009; Brasseur and Gupta, 2010] .
[3] Aerosol-induced cirrus formation occurs via two basic mechanisms. Ice particles form by homogeneous freezing of supercooled liquid solution particles [e.g., Heymsfield and Sabin, 1989; Koop et al., 2000] or by heterogeneous ice nucleation involving the surfaces of insoluble particles serving as ice nuclei (IN) [e.g., Vali, 1985; Cantrell and Heymsfield, 2005] . The insoluble particles can either be bare (deposition nuclei) or immersed in larger, liquid particles (immersion nuclei). The terms bare and immersed refer to the state of mixing of the IN with other chemical components of the atmospheric aerosol. As bare particles age in the atmosphere, they acquire liquid surface coatings by condensing soluble species and water vapor or by scavenging soluble particles, and are thereby transformed into immersion nuclei. This transformation may dampen the ice-forming ability of some IN types [e.g., Möhler et al., 2008; Cziczo et al., 2009a; Koehler et al., 2010] .
[4] The level of basic scientific understanding of heterogeneous nucleation of ice in the troposphere is judged to be very poor [Cantrell and Heymsfield, 2005; Kärcher and Spichtinger, 2009] . In situ measurements suggest that atmospheric IN are mostly composed of mineral dust, carbonaceous material including black carbon (BC), and metallic particles [e.g., Chen et al., 1998; DeMott et al., 2003] . The field measurements, however, could not provide causal links between ice formation and IN composition. Insoluble particles show considerable variability in terms of chemical composition, location, frequency of occurrence, and number concentration. Their concentration mostly is much higher than the observed IN concentrations [e.g., Rogers et al., 1998; Minikin et al., 2003] . It is still not clear which microphysical and chemical properties enable only a specific fraction of the insoluble particles to form ice in clouds.
[5] Heterogeneous nucleation of ice at cirrus temperatures (T below the homogeneous freezing temperature of pure water droplets T hom ' 235 K) was mainly studied in the laboratory, either focusing on ice formation due to BC (soot) particles [e.g., DeMott et al., 1999; Möhler et al., 2005; DeMott et al., 2009; Koehler et al., 2009] or mineral dust particles [e.g., Zuberi et al., 2002; Archuleta et al., 2005; Möhler et al., 2006; Field et al., 2006; Welti et al., 2009; Koehler et al., 2010] . These studies reveal that heterogeneous nucleation can occur at relative humidities below the critical values for homogeneous freezing (i.e., between 100% and ∼150% over ice), depending on composition, mixing state, and size of the IN. Most of these studies, however, were performed for conditions that are not fully representative of the atmosphere. This mostly precludes the immediate use of laboratory data in model applications.
[6] Heterogeneous and homogeneous ice formation compete for the available water vapor in the presence of IN. This competition ultimately determines the number of ice particles [DeMott et al., 1997] . Heterogeneous ice nucleation can lead to a significant reduction of the number of ice particles that would form via homogeneous freezing in the absence of IN in otherwise unchanged conditions. IN may also prevent homogeneous freezing from occurring, in which case the number of ice crystals either decreases or slightly increases [Kärcher et al., 2006] relative to a case without IN. Exactly how the ice particle number concentrations change depends mainly on temperature, the cooling rate, as well as on the number concentration and ice formation ability of the IN [Kärcher et al., 2006] .
[7] The first global climate model studies that assessed effects of aerosol changes on cirrus considered either homogeneous or heterogeneous ice formation, neglecting their competition Lohmann and Kärcher, 2002; Kärcher and Lohmann, 2003; Lohmann et al., 2004] . The prerequisites required in these studies to simulate aerosol indirect effects on ice clouds in the European Centre/Hamburg (ECHAM) general circulation model (GCM) were the development of parameterization schemes for pure homogeneous and heterogeneous ice nucleation and the introduction of a two-moment (total cloud ice mass and ice particle number concentration) ice microphysics scheme. To study the potential of BC particles from aviation to alter cirrus microphysical properties, Hendricks et al. [2005] considered a simplified representation of the competition in ECHAM by assuming that heterogeneous nucleation inhibits homogeneous freezing completely when the IN number concentration exceeds a threshold [Gierens, 2003] ; at lower IN levels, pure homogeneous nucleation was considered. Along the same lines, ECHAM was applied by Abbatt et al. [2006] to study the effect of crystalline ammonium sulfate as an IN and by Cziczo et al. [2009b] to investigate the effect of mineral dust particles doped with lead. These first global model studies hinted at the potential of heterogeneous ice nucleation to affect cirrus on the large scale (resolved by GCMs). Distinctive changes in global mean ice crystal number, ice water path, as well as cloud radiative forcing were simulated.
[8] Several parameterization schemes of aerosol-induced ice formation have been developed more recently, taking into account the competition between different ice formation processes [Liu and Penner, 2005; Kärcher et al., 2006; Barahona and Nenes, 2009] . Contrary to the approaches of Liu and Penner [2005] and Barahona and Nenes [2009] , the parameterization developed by Kärcher et al. [2006] also considers the effects of preexisting ice on cirrus formation (i.e., within the cloudy part of a global model's grid box). Liu et al. [2007] introduced a two-moment scheme for ice clouds and included the parameterization of Liu and Penner [2005] in the NCAR Community Atmospheric Model Version 3 (CAM3) GCM. This model was applied by Liu et al. [2009] to study the global effects of anthropogenic ice-forming aerosol on upper tropospheric clouds. The results suggest considerable changes in ice crystal number concentration, ice mass mixing ratio, cloud occurrence frequency, and water vapor in the upper troposphere and lowermost stratosphere (UTLS) region because of heterogeneous ice formation triggered by anthropogenic BC. These perturbations and their resulting radiative forcings should therefore be the subject of further research. The Liu and Penner [2005] parameterization was also applied as part of two-moment ice microphysical schemes to simulate the competition of heterogeneous nucleation on mineral dust and homogeneous freezing in two other recent GCM studies Salzmann et al., 2010] . The results of Gettelman et al. [2010] reveal that mineral dust particles can play an important role in cirrus cloud formation globally.
[9] The previous global model studies mentioned above neglected the effect of preexisting cloud ice on new ice formation. The deposition of water vapor on preexisting cloud ice particles reduces the rate of increase of supersaturation (for a given cooling rate) and may therefore inhibit or modify further ice particle formation [Kärcher et al., 2006] . It is therefore necessary to consider this effect in GCM studies of aerosol-induced cirrus formation.
[10] Cloud ice in GCMs is traditionally considered by merging all types of ice formed by different mechanisms into a single ice mode. Different microphysical properties of coexisting ice types cannot be simulated. Hence, the potentially large differences in optical properties, sedimentation rates, and, importantly, atmospheric residence times of ice formed by homogeneous freezing and ice formed on different types of IN are not resolved. Also the microphysical competition of different aerosol types for water vapor during formation and depositional growth of the individual types of ice is usually not properly represented. As the different ice types can be characterized by different mean sizes, ice removal rates due to (size-dependent) sedimentation might vary widely among the different ice types, pointing at the need to parameterize this loss process properly in a GCM framework. Therefore, it is desirable to develop microphysical ice cloud schemes for GCMs which consider different coexisting ice types. Such schemes would allow the simulation and assessment of differences in the microphysical and optical properties of multiple ice types, albeit at the cost of enhanced microphysical complexity in the GCM cloud scheme.
[11] In the present work, we go one step further than previous studies and split the single cloud ice mass and total ice particle number concentration into the contributions of different ice types. We will refer to these different ice types distinguished by the model as ice modes. Each ice mode originates from a specific ice formation mechanism (either ice formation in cirrus induced by specific aerosol types or stemming from other mechanisms, such as glaciation of water clouds and deep convective outflow). The introduction of multiple ice modes allows us to carefully evaluate global changes in cirrus microphysical properties due to different types of IN in a number of sensitivity experiments and to analyze the role of IN in cirrus formation and evolution in unprecedented detail. We further consider preexisting ice within the nucleation parameterization [Kärcher et al., 2006] and during large-scale depositional growth in the GCM cloud scheme.
[12] In particular, we study and estimate the effects of IN on ice particle number concentration, cloud ice water content, cloud occurrence frequency, cirrus formation pathways, and water vapor in the UTLS region. We also study IN-induced changes in the frequency of occurrence of ice from homogeneous freezing. We make a first attempt to assess the specific roles of mineral dust particles, and black carbon aerosols from surface sources and from jet aircraft emissions (excluding effects of aircraft contrails), in cirrus formation. We refer to Burkhardt et al. [2010] for a discussion of research issues related to the climatic effects of contrail-induced cirrus clouds.
[13] Section 2 provides descriptions of the base model as well as the modifications of the microphysical cloud scheme applied in this study. Different model experiments are characterized. Model results on the effects of different IN types on global cirrus properties are discussed in section 3, including a comparison with observations. Conclusions and recommendations for future research are given in section 4.
Model and Methodology
[14] In the global model study by Hendricks et al. [2005] , the ECHAM4 GCM was applied, including a two-moment cloud microphysical scheme and a simplified representation of the competition between homogeneous and heterogeneous ice formation in cirrus (section 1). The details of this model setup which is used as a base model for further development in the present study are described in section 2.1. The parameterization scheme developed by Kärcher et al. [2006] explicitly considers the competition between multiple ice modes during the cirrus formation process, including preexisting cloud ice. We have implemented this scheme into the base model, and at the same time, we have extended the single mode cloud ice microphysics into a multiple mode approach, whereby each ice mode is still represented by two moments, i.e., ice mass mixing ratio, q ice , and ice particle number concentration, N ice . The details of these modifications are described in section 2.2. The conceptual design of the set of simulations performed with the modified model is discussed in section 2.3.
Base Model
[15] The base model adopted here is the ECHAM4 GCM as applied by Hendricks et al. [2005] . Standard prognostic variables of ECHAM4 are vorticity, divergence, temperature, surface pressure, water vapor mass mixing ratio and cloud (liquid or ice) water mass mixing ratios. The model includes physical parameterizations of radiation, cloud processes, precipitation, convection, diffusion, planetary boundary layer dynamics, land surface processes and gravity wave drag. As an extension of the ECHAM4 standard version, the version applied here includes an aerosol scheme and a two-moment cloud scheme.
[16] The aerosol scheme solves prognostic equations for the mass mixing ratios of the major aerosol species sulfate, organic and black carbon, mineral dust, and sea salt [Feichter et al., 1996; Lohmann et al., 1999 Lohmann et al., , 2004 . Separate prognostic equations are included to track black carbon from aircraft . The cloud scheme includes prognostic equations for the cloud liquid water content and the cloud droplet number concentration, as well as the ice water content and the ice particle number concentration in stratiform clouds [Lohmann and Roeckner, 1996; Lohmann et al., 1999; Lohmann, 2002; Lohmann and Kärcher, 2002] . We apply a version of the cloud scheme updated according to Lohmann et al. [2003 Lohmann et al. [ , 2004 . The model treats rain and snow diagnostically, taking into account flux modifications due to reevaporation or interactions with cloud water and ice. Subgrid-scale (fractional) cloud cover is diagnosed from the grid mean relative humidity [Sundqvist et al., 1989] in regions that are subsaturated. To enable the simulation of cirrus cloud formation by homogeneous freezing requiring high supersaturations with respect to ice, the original saturation adjustment scheme was replaced by a diffusional growth scheme that permits ice supersaturation on the resolved scale , at the cost of abandoning the fractional cloud coverage in ice-supersaturated areas. The Sundqvist et al. [1989] scheme assumes that the cloud fraction increases from zero to unity for grid mean relative humidity values increasing from a critical threshold value (RH 0 < 1) to saturation (RH = 1). This implies that cirrus cloud coverage is zero as long as no nucleation takes place and one otherwise. The introduction of ice supersaturation and its consistent treatment together with fractional cirrus coverage and ice microphysics requires the use of a prognostic cloud fraction variable [Kärcher and Burkhardt, 2008] , among other major modifications, which is beyond the scope of our study. Together with statistical noise issues explained later, this is the main reason why we focus on IN-induced changes in cirrus microphysical properties at this point and refrain from estimating radiative forcings associated with these potential cloud changes.
Microphysics of Multiple Ice Modes 2.2.1. General Concept
[17] The multiple ice mode approach applied here is particularly designed for simulations of IN effects on cirrus. A schematic overview of the different ice modes and the cloud physical processes considered is shown in Figure 1 . Three ice modes are considered to represent cloud ice formed in the cold cloud regime (T < T hom ). These modes comprise individual ice types formed by heterogeneous nucleation on mineral dust and on BC particles, and by homogeneous freezing of liquid aerosol. They are referred to as the het-du, het-bc, and hom modes, respectively. A fourth ice mode, the misc mode, is included to represent ice particles from other sources, such as spontaneous freezing of supercooled cloud droplets, detrainment of cloud ice from deep convective clouds, or IN-induced deposition-condensation nucleation at warmer temperatures (T hom ≤ T < 0°C).
[18] For each additional mode i, two prognostic equations are included to represent the respective number concentrations, N ice,i , and mass mixing ratios, q ice,i . Liquid cloud water is still considered by a single mode with prognostic equations for the total liquid water content and the total droplet number concentration. Cloud ice and liquid water can be transformed into precipitating hydrometeors (snow and rain) via particle-particle interactions and particle growth due to the uptake of water from the gas phase. Snow or rain is assumed to precipitate within one time step of the model (30 min) or is subject to sublimation or evaporation below a cloudy grid box, depending on the vertical distribution of relative humidity. In the case of cloud ice, a critical volume equivalent diameter of 200 mm [Levkov et al., 1992] is used to separate snow from (pristine) cloud ice.
[19] In the microphysical cloud scheme of the base model, cloud ice is influenced by a number of processes: (1) formation via homogeneous freezing of liquid aerosols or heterogeneous ice nucleation, spontaneous freezing of supercooled cloud droplets, and secondary production of cloud ice due to collisions of cloud droplets with snow (Hallett-Mossop mechanism), (2) mass exchange with the gas phase via deposition of water vapor or sublimation of cloud ice, (3) aggregation of cloud ice particles and growth of snow crystals by accretion of cloud ice leading to the partial transformation of cloud ice particles to snow, (4) spatial redistribution of cloud ice due to advective, convective, and diffusive transport, as well as sedimentation, and (5) transformation into liquid cloud water via melting.
[20] The modifications necessary to represent these processes in the multiple ice mode approach are described below. If not otherwise mentioned, microphysical processes which apply to the individual ice modes, are represented as in the base model. We summarize these modifications to the original scheme in Table 1 .
Cloud Ice Particle Formation
[21] In the cold cloud regime (T < T hom ), aerosol-induced homogeneous and heterogeneous ice formation is calculated by the parameterization of Kärcher et al. [2006] . The parameterization uses an estimate of the subgrid-scale updraft speed (see below) and the relative humidity over ice (RHI) from the host model as input parameters and checks whether ice nucleation conditions can be reached within a time step of the host model. If so, the parameterization calculates the resulting modifications of the ice particle populations in the individual ice modes, occurring within that time step. The effect of preexisting ice is to slow the rate of increase in RHI due to depositional growth. This is expressed in terms of a reduced updraft speed. Using this reduced updraft speed, the nucleation of new crystals is either suppressed or their number can be reduced.
[22] For the present simulations, the parameterization was adjusted to the particular modal concept followed here considering the competition of two ice modes formed by heterogeneous nucleation on mineral dust and BC particles, ice formed because of homogeneous freezing of liquid aerosol, and ice from other sources. The parameterization requires a set of input parameters. In particular, the particle number concentrations, size distributions, and ice nucleation properties (see below) of the individual aerosol types forming the different ice modes, as well as the number concentration and mean size of preexisting ice particles in each ice mode need to be specified. Owing to the lack of appropriate atmospheric data (section 1), we assume monodisperse IN populations, using characteristic mean sizes and sharp RHI crit values, the latter describing the onset relative humidities over ice of heterogeneous ice nucleation. Results are sensitive to RHI crit (but less to the IN size in the parameterization as long as the sizes are not chosen unrealistically small [Kärcher et al., 2006] ). Therefore, we will vary the RHI crit values in sensitivity experiments (section 2.3). The parameterization determines the fraction of the IN population that nucleates ice. This fraction increases to unity for sufficiently large updraft speeds. Additional input parameters of the parameterization are the ambient pressure, Figure 1 . Schematic of the physical processes considered in the multiple-ice mode cloud scheme. Cloud ice is represented by four individual ice modes containing ice from heterogeneous nucleation on mineral dust (het-du) and black carbon (het-bc), ice from homogeneous freezing of liquid aerosols (hom), and ice from other sources (misc). Here accretion refers to the growth of snow crystals or rain droplets due to collection of cloud particles. Aggregation, self-conversion, and autoconversion refer to collision interactions of cloud ice particles or cloud droplets among themselves.
temperature, relative humidity, the large-scale model time step, and a mesoscale vertical velocity taken from the model's turbulent kinetic energy budget Lohmann et al., 2004] . Typical values of the mesoscale vertical velocity generated by the model are in the range of 1-100 cm s −1 under cirrus formation conditions. Using a single value of the updraft speed in combination with the grid mean RH instead of applying probability distributions is a simplification. The updraft speed, however, is determined by adding a subgrid-scale component of the updraft speed on the basis of the turbulent kinetic energy to the large-scale vertical velocity such that realistic cirrus properties are obtained. The parameterization returns the modified ice particle number concentration and mean size in each ice mode, which are reformulated as nucleation source terms for use in the N ice and q ice tracer equations in the climate model. The nucleation source terms for the ice particle number concentrations N ice,i of the individual modes i are
where N ice,i nucl are the modified ice particle number concentrations returned from the parameterization, N ice,i old are the number concentrations of the preexisting ice particles used as input for the parameterization, and Dt is the model time step. N ice,i nucl and N ice,i old are identical if nucleation of new ice particles does not occur. The representation of the nucleation effects on q ice,i in the model are discussed in section 2.2.3. Cloud ice generated by heterogeneous nucleation on mineral dust and BC particles is assigned to the het-du and het-bc modes, respectively. Ice formed via homogeneous freezing of liquid aerosols is assigned to the hom mode.
[23] The RHI crit values are chosen to match experimental data (section 2.3). The preexisting mean ice particle sizes of each ice mode are calculated from the respective number concentration and ice water content assuming monodisperse size distributions and spherical ice particles. The aerosol properties assumed for driving the ice nucleation parameterization are summarized in Table 2 . The number concentration of hygroscopic aerosol particles available for homogeneous freezing is derived from the mass concentrations of liquid solution aerosol compounds according to Lohmann et al. [2004] by assuming typical background aerosol size distributions. The minimum number of aerosol particles assumed to always be present is 10 particles cm −3 in accordance with observations taken at midlatitudes and in the tropics . The sizes of liquid particles are identified with the median sizes of the assumed size distributions. Similarly, the number concentration of mineral dust particles is derived from the mineral dust mass concentration. Only the dust mass present in the submicron size range is considered since the number concentration of coarse mode dust particles is probably negligible in the upper troposphere. Particle number concentrations are derived assuming representative size distributions of large Aitken and accumulation mode dust recommended by Hess et al. [1998] (Table 2) . Number concentrations of BC particles from surface sources are calculated from the simulated mass concentrations assuming typical number-to-mass ratios (Table 2 ). To investigate the maximum potential of BC from aircraft to perturb cirrus clouds (sections 2.3 and 3), we use the maximum estimate approach defined by Hendricks et al. [2004] to calculate number concentrations of BC from aircraft. In this approach, BC number-to-mass ratios typical for fresh aircraft exhaust are considered and, reductions in number-to-mass ratio due to aging processes are neglected.
[24] We have confidence in the parameterization of the homogeneous freezing process; more uncertainties exist for specifying heterogeneous ice nucleation. A first-order problem associated with the latter is the knowledge of the fraction of the total aerosol (dust or BC) population that is actually able to form ice in the atmosphere (ice active fractions, f ). Ice active fractions vary considerably. Labo- Either homogeneous freezing of liquid aerosols or heterogeneous ice nucleation [Kärcher and Lohmann, 2002, 2003] The misc mode is formed by (1) heterogeneous deposition-condensation nucleation at temperatures T hom ≤ T < 0°C, (2) freezing of supercooled cloud droplets in stratiform clouds, (3) secondary production of ice particles due to collisions of cloud droplets with snow, and (4) detrainment of cloud ice from deep convective clouds.
b Here q v , q liq , q ice , N liq , and N ice denote the water vapor mixing ratio, the liquid and ice water mixing ratios, and the cloud droplet and ice crystal number concentrations. ratory measurements demonstrate that only very small fractions (typically f < 0.1% −1%) of the available black carbon particles constitute the ice active fraction and can therefore act as IN [e.g., Koehler et al., 2009] . Mineral dust particles in the laboratory showed considerably higher ice active fractions ranging from less than 0.1% at low supersaturation to values of several 10% close to the homogeneous freezing threshold [e.g., Field et al., 2006; Möhler et al., 2006; Welti et al., 2009] . The ice active fractions of dust particles in the atmosphere, however, could be much smaller since the particles might be coated with liquid solutions which can drastically reduce the fraction of particles serving as deposition nuclei at supersaturations well below the homogeneous freezing threshold [e.g., Möhler et al., 2008; Cziczo et al., 2009a] . It is not clear which factors actually control f for a given type of atmospheric IN. Source characteristics and atmospheric aging processes play a role, likely affecting both f and RHI crit at the same time.
[25] Small f values are also consistent with in situ data taken at northern midlatitudes ], pointing at total number concentrations of refractory (presumably insoluble) particles of 10-100 cm −3 . These concentrations are much higher than background IN concentrations (∼0.01 cm −3 ) estimated in the same area [Haag et al., 2003] , allowing us to indirectly infer an upper limit ice active fraction f '0.1% of refractory aerosols from these data. Hence, these hints are available on how to constrain f, but a clear picture has not yet emerged.
[26] Therefore, we can only very roughly include ice active fractions in the simulations at this point. We estimate the actual IN number concentrations, N IN , from the total number concentrations, N, via
N(BC) and N(DU) are the total number concentrations of BC and dust particles, respectively, and f BC and f DU are their ice active fractions (0 ≤ f ≤ 1), which are assumed to be constant for each individual IN type. N IN (DU) and N IN (BC), together with the corresponding RHI crit values, are used as input for the ice nucleation parameterization. As mentioned above, only a fraction of the total N IN might nucleate ice, depending on the updraft speed. This fraction increases to unity for sufficiently large updraft speeds. Setting f = 1 would dramatically overestimate the effect of dust and BC particles on cirrus properties. While we capture this effect in our simulations by specifying values f ( 1 (section 2.3), a better understanding of factors controlling ice active fractions is needed in order to make progress in this field. This is necessary, because even advanced global aerosol models capable of predicting N provide no clues on how to calculate f. Although we believe that it is sufficiently detailed for current GCM applications, the assumption of fixed ice active fractions in combination with sharp RHI crit values in our model is a simplification since measured freezing spectra show ice active fractions increasing continuously with relative humidity.
[27] Heterogeneous ice nucleation is also allowed to occur in the mixed-phase cloud regime (T hom ≤ T < 0°C), where ice and supercooled liquid water may coexist. We consider freezing of cloud droplets initiated by immersion and contact freezing in stratiform clouds as described by Levkov et al. [1992] and Lohmann [2002] . The number of new ice crystals formed in this temperature regime via heterogeneous deposition-condensation nucleation (no cloud droplets involved) is obtained from the parameterization developed by Meyers et al. [1992] . Comparisons of the results of this parameterization with measurements reveal that it provides IN number concentrations at the large end of the observed values . Ice particles generated via these mechanisms are assigned to the misc mode. Further mechanisms leading to cloud ice assigned to the misc mode Size distribution assumed to calculate particle number concentrations. Lognormal number size distribution parameters: median diameter d, geometric standard deviation s, and total number concentration N of particles within mode.
b Here f denotes the assumed ice active number fraction, and d frz denotes the particle size of the monodisperse particle population assumed for ice nucleation calculations (section 2.2.2). For multimodal distributions, d frz is identified with the particle number weighted average of the mode median diameters. The particle size assumed here only affects the ice nucleation rate in the heterogeneous nucleation parameterization. The relative humidity threshold RHI crit is not affected. The results of the parameterization are sensitive to RHI crit (but less to the ice nuclei size as long as the sizes are not chosen unrealistically small).
d Volume equivalent diameter of aggregates, assuming specific densities of 1.0 g cm −3 for aggregates and 2.3 g cm −3 for primary spheres.
e Median diameter of aircraft-induced black carbon size distribution [Döpelheuer, 2002] .
include (1) homogeneous freezing of supercooled cloud droplets in stratiform clouds at temperatures T < T hom , (2) secondary production of ice particles due to collisions of cloud droplets with snow [Levkov et al., 1992; Lohmann, 2002] , and (3) detrainment of cloud ice from deep convective clouds. To realize mechanism 3, ice particle numbers are derived from the amount of detrained cloud ice assuming spherical particles with a mean diameter of 60 mm. This value was derived by transforming ice particle size distributions measured in convective outflow [McFarquhar and Heymsfield, 1997] into a monodisperse population.
Depositional Growth and Sublimation
[28] The inclusion of the ice nucleation parameterization by Kärcher et al. [2006] in combination with the multiple ice mode approach necessitates additional modifications in the treatment of large-scale water deposition. Depositional growth and sublimation of cloud ice is simulated as done by Lohmann and Kärcher [2002] . Diffusional growth rates are calculated for each mode depending on the mean ice particle size and number concentration. When new cloud ice forms via nucleation at T < T hom , the different ice modes form successively in the parameterization in the order of increasing nucleation relative humidities, RHI crit . Therefore, large-scale growth rates of the different ice modes in the GCM cloud module have to be estimated over different fractions of the model time step. The gain in ice mass during the nucleation event could be directly taken from the parameterization. This, however, would imply the use of a depositional growth formulation (suited for the freshly nucleated ice particles) different from the standard formulation applied in the GCM. The depositional growth of ice formed during a nucleation event would also be calculated by considering the relative humidities in the mesoscale updrafts, which can be considerably higher than the largescale average values. This would imply inconsistencies between the depositional growth during aerosol-induced cirrus formation described by the parameterization and the growth of aged cirrus ice or ice from other sources described by the GCM's standard deposition formulation. Therefore, we generally calculate the depositional growth of the particles in the individual ice modes according to the standard formulations of the GCM, but redistribute the total deposited mass according to the gain in ice mass in each mode as calculated by the nucleation parameterization when aerosolinduced ice nucleation occurs under cirrus conditions. This is achieved as follows. The gain in ice mass mixing ratio Dq ice,i nucl (mass of ice per mass of air) in each ice mode i, as determined by the ice nucleation parameterization for the large-scale model time step including the nucleation event, can be calculated as
where r ice and r air are the densities of ice and air, respectively, N ice,i nucl and D ice,i nucl are the ice particle number concentration (ice particle number per volume of air) and diameter of mode i as returned from the parameterization, and N ice,i old and D ice,i old are the particle number concentration and diameter of mode i before nucleation (used as input for the parameterization). If ice nucleation occurs, the temporal change in ice mass mixing ratio due to water vapor deposition in each individual mode i is calculated by redistributing the depositing ice mass as follows:
where Dq ice,j dep is the gain in ice mass mixing ratio of mode j due to water vapor deposition within the time step Dt , calculated according to the GCM deposition formulation [Lohmann and Kärcher, 2002, equation (2)] by considering the updated ice particle number concentration N ice,j nucl .
[29] Because of the limited number of IN, heterogeneous ice nucleation results in low ice particle number concentrations. The few particles formed can grow to large sizes, particularly when preexisting ice, or ice from homogeneous freezing potentially formed shortly after heterogeneous nucleation, is absent. Such large particles will settle quickly. To avoid numerical instabilities due to sedimentation of cloud ice through multiple model layers, ice particles are transformed into snow, when their volume equivalent diameter increases beyond 200 mm (section 2.2.1).
Particle-Particle Interactions
[30] Model-based analyses of in situ measurements in deep frontal clouds and stratiform cirrus demonstrate that the growth of small ice crystals in such clouds is dominated by water vapor deposition while the growth of large particles, with comparatively lower number concentrations and larger sizes of several 100 mm, is dominated by aggregation [Kajikawa and Heymsfield, 1989; Field, 2000; Field and Heymsfield, 2003] . This finding has recently been confirmed and interpreted by cloud-resolving simulations [Sölch and Kärcher, 2011] . Aggregates dominate the large end of the ice particle size distribution (maximum ice particle dimensions >1-2 mm) and their number concentration (<0.001 cm −3 ) is many orders of magnitude lower than that of pristine crystals.
[31] As mentioned above, large ice particles are assigned to the precipitation (snow) mode in our model (section 2.2.1). The further growth of snow due to aggregation is represented by the accretion process, i.e., the collision and sticking with smaller cloud ice particles. As in the original single mode scheme, we simulate this process according to the accretion approach by Levkov et al. [1992] applied to each individual ice mode.
[32] The conversion of cloud ice to snow due to selfaggregation of cloud ice particles is also considered. As discussed above, this process is probably of secondary importance in the model and is therefore treated in a simplified way: As in the original model, the loss of total cloud ice mass (q ice ) due to this process is estimated according to the Levkov et al. [1992] aggregation formulation. This approach takes into account the dispersion of the cloud ice crystal fall velocity spectrum assuming a typical crystal size distribution. Such a pseudospectral representation is necessary here because of the simplifying assumption of monodisperse ice particle size distributions which does not allow for aggregation calculations based on modeled size spectra. In the case of coexistence of different cloud ice modes, simplifying assumptions have been made to represent the effect of snow formation by aggregation on the individual ice modes: The loss of q ice,i within the modes i is estimated by partitioning the total loss in proportion to their contributions q ice,i to the total q ice . Following the work of Levkov et al. [1992] , it is further assumed that the ice crystal number concentrations N ice,i are depleted in proportion to q ice,i . With these simplifying assumptions, the information about the contributions of ice from the different sources is conserved.
[33] Self-conversion of cloud ice due to aggregation (aggregates formed are still in the size range of cloud ice particles and are not transferred to snow) is treated analogously, with the difference that this process only affects the crystal number concentrations. The total loss of N ice is calculated according to the work by Levkov et al. [1992] . The loss of N ice,i within the modes i is then estimated by partitioning the total loss in proportion to their contributions N ice,i to the total N ice .
[34] We are aware that the simplified representation of aggregation due to collisions of cloud ice particles can be a source of uncertainties. Although the effect of these uncertainties is probably limited, a more detailed treatment of aggregation in two-moment ice microphysical schemes should be the subject of future research.
Transport and Sedimentation of Cloud Ice
[35] Each ice mode is subject to transport due to advection, convection, and turbulent diffusion, resulting in spatial redistribution of the individual ice mass and number concentration [Lohmann and Roeckner, 1996; Lohmann, 2002] . The treatment of the ice particle number concentration in the outflow of convective clouds has been described in section 2.2.2.
[36] In the original single-mode scheme, the vertical redistribution of cloud ice due to sedimentation is calculated by applying an empirical formulation for the terminal fall speed of ice particles, v t , dependent on the in-cloud ice water content (IWC) in units of kg ice/kg air [Heymsfield, 1977] :
where r denotes the air density at cloud altitude in units of kg air/m 3 air. The empirical constants a and b are a = 1.65 and b = 0.16, yielding v t in units of m/s. The sole dependence of v t on IWC does not allow IN effects on cirrus to be studied in the microphysical part of the model, and does not make use of the additional information provided by N ice .
[37] In the multiple mode scheme, sedimentation rates are calculated for each ice mode i taking into account an empirical formulation of the size-dependent terminal fall speeds v t i (m/s) [Heymsfield et al., 2007] :
where D ice i / (IWC i /N ice i ) 1/3 denotes the mean spherical ice particle diameter (m) within ice mode i, and r and r 0 are the air densities at cloud altitude and at the ground, respectively. The empirical constants a, b, and are chosen as a = 700 m/s, b = 1, and = 1/3 [Murakami, 1990] .
Melting
[38] If temperatures increase above the melting point (0°C), cloud ice is transformed into cloud liquid water. The cloud liquid water content as well as the droplet number concentration are increased by the total ice water content and ice particle number concentration of melting cloud ice modes.
Description of the Simulations
[39] All model runs analyzed in the present study were performed for a 10 year time period following a 15 month model spin-up. The model is run at T30 spectral horizontal resolution, which corresponds to a horizontal grid size of about 3.8°× 3.8°. The vertical grid has 19 layers, ranging from the surface up to 10 hPa. For reasons of comparability, the emission data and other boundary conditions, such as sea surface temperatures and sea ice extent, are chosen as in the Hendricks et al. [2004 Hendricks et al. [ , 2005 studies.
[40] The set of simulations performed to study the global effects of IN on cirrus with the multiple ice mode scheme is summarized in Table 3 . A reference simulation (REF) with the original single ice mode scheme was performed to assess the effects of the modifications to the cloud scheme, such as the individual representation of specific ice types or the consideration of preexisting ice in the nucleation parameterization. In order to investigate the role of dust-and BCderived (externally mixed) IN, we carried out a number of different simulations focusing on specific IN types. Also, the relative humidity thresholds for the onset of heterogeneous ice nucleation, RHI crit , were varied. Heterogeneous ice nucleation under cirrus conditions is entirely neglected in the simulations REF and HOM, so that cirrus forms only via homogeneous freezing. While simulation REF employs the homogeneous freezing parameterization described by Kärcher and Lohmann [2002] , simulation HOM is performed with the same model setup as the sensitivity experiments on IN effects described above, with the difference that the IN number concentration is set to zero in the call of the Kärcher et al. [2006] parameterization. The principle advantage of the Kärcher et al. [2006] parameterization over the Kärcher and Lohmann [2002] approach in such homogeneous freezing simulations is the consideration of preexisting ice.
[41] Laboratory measurements of heterogeneous ice formation under cirrus conditions, employing a number of dust particle types or, more commonly, surrogates of dust particles, show a large variety of ice nucleation characteristics, even within a single sample. Measured RHI crit values for the onset of ice nucleation in a significant fraction of the aerosol samples range from ∼110% up to values near the homogeneous freezing threshold, ∼150% [e.g., Zuberi et al., 2002; Archuleta et al., 2005; Möhler et al., 2006; Field et al., 2006; Welti et al., 2009; Koehler et al., 2010] . These threshold values seem to depend strongly on the dust particle size and composition. In our model, dust is represented by a single generalized species, rather than being split into different mineral compositions. However, different mineral types may exhibit different ice nucleation behavior. To simulate the overall dust effect on cirrus, we therefore choose a representative value of RHI crit = 130% for dust IN, which lies about midway in the range of the laboratory measurements. Mineral dust particles are usually thought to be efficient IN. We refrain from assigning lower RHI crit values to mineral dust, as surface coatings developing during atmospheric processing possibly dampen the ice nucleation ability (sections 1 and 2.2.2). Dust particles emitted at the Earth's surface likely undergo such processing, poten-tially turning fresh, bare dust deposition nuclei into immersion nuclei. Hence, only a small uncoated fraction might reach the UTLS and affect cirrus formation via deposition freezing [Wiacek et al., 2010] .
[42] Similar arguments hold for BC or soot particles. A very wide range of ice nucleation characteristics, depending on the BC source, hygroscopic properties, and other factors, has been observed in the laboratory [e.g., DeMott et al., 1999; Möhler et al., 2005; DeMott et al., 2009; Koehler et al., 2009] . Hydrophilic BC particles coated by liquid supercooled solutions show values of RHI crit that differ from those measured with uncoated (presumably less hydrophilic) BC particles, but the reasons are unclear. The state of knowledge on the ice-nucleating properties of BC particles at cirrus temperatures has been summarized by Kärcher et al. [2007] . According to their assessment, BC and BC-containing particles induce ice formation at RHI crit = 105% −170%, but a systematic behavior is not obvious and the causes of the wide range of measured RHI crit values are not understood. Therefore, as for mineral dust, a constant RHI crit value is assumed in the model for BC. According to the measured range, the simulation HETDB (Table 3) was performed assuming a representative value of RHI crit = 140%. Hence, heterogeneous nucleation on mineral dust (RHI crit = 130%) occurs before and may even prevent ice formation on BC.
[43] BC shows a considerably large anthropogenic fraction. Possible anthropogenic climate perturbations caused by BC effects on cirrus could be of relevance in particular when a fraction of atmospheric BC would form ice efficiently. To assess such a scenario, an additional model experiment (HETBD) was performed where BC is assumed to form ice at a comparatively low critical supersaturation of RHI crit = 120%. This might be an extreme assumption since it is not even clear from the observational data whether atmospheric BC particles are potent IN at all. Therefore, an additional sensitivity experiment (HETD) was carried out. In this simulation, BC particles do not act as IN at cirrus temperatures and, therefore, heterogeneous nucleation of cirrus ice particles only occurs on dust aerosol.
[44] Ice formation on BC particles from aircraft was neglected in the experiments described above. To study the potential role of this effect, a specific experiment (HETA) was performed, which is identical to HETBD with the exception that also ice formation on BC (soot) particles emitted by aircraft engines is considered, using RHI crit = 120% as well. BC particles from aviation are included also in the other experiments, but do not form ice. To investigate the maximum potential of aircraft soot emissions to perturb cirrus, the rather low ice nucleation threshold, together with a high ice active fraction of f = 10% assumed for aircraft soot emissions and high particle number concentration estimates (section 2.2.2) serve to maximize the large-scale impact of aircraft, albeit against a background concentration of efficient IN particles from other sources ( Table 3 ). The value of f = 10% was chosen according to the results of Koehler et al. [2009] who measured a comparatively high ice active fraction for soot particles from aircraft engines, although the corresponding critical relative humidities were distinctively higher in the measurements than the value of RHI crit assumed here.
[45] To constrain f BC for BC particles from surface sources and f DU in equation (2), we rely on the results of in situ measurements. We assume f BC = 0.25% and f DU = 1% and thereby roughly match IN number concentrations and composition measured in the UTLS region over the Untied States during the SUCCESS field campaign Rogers et al., 1998 ]. These airborne measurements reveal typical IN number concentrations of about 0.01 cm −3 , with similar contributions from carbonaceous and mineral particles. From these data, it is not clear which of these particles nucleated ice most efficiently. Specific information on aircraft-generated soot particles could not be derived from the SUCCESS data.
Results and Discussion
[46] In the following we will discuss general features of aerosols and ice clouds simulated with the modified model. Comparisons with observations are discussed in section 3.2. Changes in ice cloud properties due to the various assumptions on the ice formation ability of different aerosol types as investigated with the set of model experiments described in section 2.3 are discussed in section 3.3. (Figure 2a) . Because of the larger land surface areas, mineral dust concentrations in the Northern Hemisphere are larger than in the Southern Hemisphere. The mean number concentration of BC particles from surface sources is presented in Figure 2b . The BC number concentrations typically exceed the dust concentrations by factors of 2-3. The sum of the concentrations of both particle types agrees well with our previous study [Hendricks et al., 2005] .
[48] Significant number concentrations of BC particles from aviation are simulated, particularly in the Northern Hemisphere (Figure 2c ), in agreement with our earlier estimates . Mean number concentrations of up to 0.5 cm −3 occur in these areas. Thus, the contribution of BC from aviation to the total BC particle number concentration amounts up to 10%-20% in terms of zonal mean annual averages. Liu et al. [2009] simulated similar total number concentrations of BC particles from aircraft and from surface sources in their global model study. The annual mean upper tropospheric liquid aerosol particle number concentrations (Figure 2d ) range between about 10 and several 100 cm −3 , with the largest values at northern midlatitudes. These number concentrations are in agreement with in situ measurements [e.g., Petzold et al., 2002; Minikin et al., 2003] .
[49] The number concentrations of mineral dust and black carbon IN are calculated from the respective total concentrations according to equation (2) assuming IN fractions of 1% and 0.25% for mineral dust and BC from surface sources, respectively (section 2.3). This results in zonal mean annual average UTLS IN concentrations of 1-10 particles per liter of air for both particle types, broadly consistent with atmospheric data (section 2.3). For aircraftgenerated BC, a comparatively large IN fraction of 10% is assumed leading to zonal mean annual average IN concentrations of up to 50 L −1 in the Northern Hemisphere UTLS region. These comparatively high IN concentrations apply only in simulation HETA. Ice formation on aircraftproduced BC particles is neglected in all other simulations (Table 3) .
Ice Particle Number Concentration
[50] Figure 3 shows vertical distributions of zonal mean annual average number concentrations of cloud ice particles in the different modes from experiment HETDB, where the het-du mode forms before the het-bc mode in an ascending air mass. All-sky means are shown which were calculated by averaging over cloudy and cloud-free cases. Number concentrations of ice particles formed via heterogeneous nucleation in the ice modes het-du (Figure 3a ) and het-bc (Figure 3b ) show only small ice particle number concentrations, as expected, since the underlying IN populations show comparatively low number concentrations. The largest average ice particle concentrations of ∼0.2 L −1 correspond to average in-cloud values of up to 1 L −1 .
[51] These in-cloud ice particle number concentrations are significantly smaller than the number concentrations of available IN, which is likely caused by efficient removal of large ice particles due to sedimentation and precipitation formation (section 2.2.3). Another possible reason is that not all available IN are activated at very low cooling rates [Kärcher et al., 2006] . Under such conditions, only a Figure 2d . fraction of the mineral dust IN might be activated to form the het-du mode. In this case, the het-bc mode will not form since the water vapor deposition on the few ice particles generated by mineral dust IN does not allow any further increase in relative humidity and, therefore, nucleation of poorer IN or liquid particles does not occur. If the cooling rate is large enough to activate all available dust IN, the het-du mode might interfere with the possible subsequent formation of the het-bc mode. If the impact of het-du on the relative humidity increase is large, the het-bc mode might not form at all or only a fraction of the available BC IN might be activated. This competition results in comparatively low ice particle number concentrations in the het-bc mode in simulation HETDB (Figure 3b ). The het-bc particle number concentrations are about a factor of 3 larger in simulation HETBD (not shown) where the het-bc mode forms first, and therefore, the competition effect is absent.
[52] On average, cloud ice from mode hom formed by homogeneous freezing (Figure 3c ) has the largest contribution to the total ice particle number in cold cirrus clouds. The zonal mean annual average number concentrations range from ∼1 L −1 to values around 100 L −1 in areas of frequent cirrus occurrence (>10%), corresponding to average in-cloud concentrations of ∼0.01-1 cm −3 . Figure 3d displays the ice particle concentration from the misc mode (other sources than freezing induced by IN or liquid aerosol at low temperatures). Large values in this mode mainly occur at lower altitudes and are therefore related to ice formation in low-and middle-level (supercooled, watercontaining) clouds. Zonal mean annual average concentrations of up to 1 cm −3 are simulated, particularly at low levels, corresponding to mean in-cloud values of up to 10 cm . Summing all modes results in mean total crystal number concentrations in the range of 0.01-1 cm −3 in areas of frequent cloud occurrence which correspond to mean in-cloud concentrations in the range of 0.1-10 cm −3 . These concentrations agree with the typical range of crystal number concentrations simulated by other global models [e.g., Salzmann et al., 2010] .
[53] The general features of the hom and misc modes and the total crystal number concentrations described above are similar in all simulations performed with the multiple mode ice scheme. However, differences occur because of varying the representation of heterogeneous nucleation, particularly in the hom mode. These effects will be discussed separately in section 3.3.
Ice Water Content
[54] Vertical distributions of the zonal mean annual average ice water content of the different modes from experiment HETDB are displayed in Figure 4 . The ice mode generated by heterogeneous ice nucleation on mineral dust (het-du, Figure 4a ) shows typical zonal mean annual average ice water contents of 0.01-0.1 mg/kg air in the UTLS region. The mean ice water content of the het-bc mode (Figure 4b ) is an order of magnitude smaller. As in the case of the ice particle number concentration, this can be due to the competition of the het-bc mode with the het-du mode. Another important reason can be the comparatively high RHI crit value of 140% chosen for ice formation on BC in experiment HETDB. Since this value is close to the threshold for homogeneous freezing, the ice water content of the het-bc mode is frequently reduced because of competition with the hom mode for the water vapor available for ice deposition. This changes when a lower critical humidity for ice formation on BC is assumed. In simulation HETBD (not shown), the ice water content of the het-bc mode is larger compared to that of the het-du mode, particularly in the northern midlatitude (>45°N) troposphere, where BC particles are abundant. Because of the lower freezing threshold (120%), the het-bc mode can take up significantly more water from the gas phase, particularly at low updraft velocities where it forms considerably earlier than the het-du and hom modes.
[55] The mean ice water content of the mode resulting from homogeneous freezing in the UTLS lies in the range of 0.1-1 mg/kg air across all latitudes (hom mode from experiment HETDB; Figure 4c ), exceeding the ice water content of the heterogeneous nucleation modes by an order of magnitude. On average, ice from other sources (misc mode; Figure 4d ) contributes most to the total simulated ice water content, but only at lower altitudes (mostly at extratropical levels between 250 and 500 hPa and in the tropical upper troposphere around 250 hPa). Typical zonal mean annual average values range from 0.1 to 10 mg/kg air. As in the case of the particle number concentration, the general features of the ice water content of the hom and misc modes are similar in all simulations performed with the multiple mode ice scheme.
[56] The results discussed above indicate that ice from heterogeneous nucleation has a larger relative contribution to the total cloud ice water content than to the total cloud ice particle number concentration, particularly when RHI crit is assumed to be distinctively lower than the threshold for homogeneous freezing. This confirms our conjecture that heterogeneous nucleation can generate comparatively large crystals in the het-du and het-bc modes which, consequently, can efficiently be removed by sedimentation and precipitation formation (section 2.2.3). . Furthermore, these observations show that the highest concentrations are associated with the smallest ice crystal sizes. On the one hand, some of these data sets may be affected by shattering of larger ice particles on the instrument inlets [McFarquhar et al., 2007] , thereby creating artificially high number concentrations of pristine ice particles, so that the highest values may be regarded as overestimates. On the other hand, ice crystal number concentrations up to several 10 cm −3 can be expected from the theory of homogeneous freezing in the presence of mesoscale cooling rates that have been shown to control homogeneous ice formation in many locations Kärcher and Ström, 2003; Hoyle et al., 2005] . In this situation, it is difficult to compare global model results with in situ observations. However, our simulated range of in-cloud ice particle number concentrations (section 3.1.2) agrees with these data, given the uncertainty inherent in the measurements.
Ice Water Path and Effective Diameter
[58] Comparison of the GCM results with satellite-derived data sets is promising since long-term global satellite observations of ice cloud properties are available. However, a comparison with this kind of observational data is not straightforward as well and requires a very careful analysis of the satellite products and the model output as stressed, for instance, by , Waliser et al. [2009] , and Hendricks et al. [2010] . We apply a global observational data set of ice water path IWP and effective particle size D eff of semitransparent cirrus (cirrus clouds in the solar optical thickness range between about 0.7 and 3.8). The data set was derived by Rädel et al. [2003] and Stubenrauch et al. [2004] using measurements by the TIROS-N Operational Vertical Sounder (TOVS) instruments aboard the Polar Orbiting Environmental Satellite NOAA10. Because of a high spectral resolution in the infrared, cirrus properties obtained from TOVS are especially reliable, day and night. The data applied here covers the 3 year period from 1988 to 1990. Figure 5 shows comparisons of model results with the TOVS data. Only cirrus clouds in the optical thickness range covered by TOVS were extracted from the model output as described by Hendricks et al. [2010] . The effective diameter of the simulated ice clouds was derived from the mean crystal size of the total ice population according to Lohmann [2002] .
[59] Among the simulations including heterogeneous nucleation, experiment HETBD shows particularly large deviations in cirrus microphysical properties compared to experiment HOM (section 3.3). Hence, these two experiments are assumed to represent the range of cloud properties simulated with the new multiple mode ice scheme and are, therefore, compared to the observations. In addition, the simulation REF performed with the original cloud scheme is considered. Figure 5a (Table 4 ). The effect of the modified cloud scheme on the representation of D eff in semitransparent cirrus is shown in Figure 5b . Because of a reduction in crystal number concentration in the modified scheme, the mean values of D eff are larger than in the reference scheme. This, on the one hand, results in a better agreement with TOVS in the tropics, where ice nuclei can be particularly efficient in perturbing cirrus [Kärcher, 2004] . On the other hand D eff simulated with the new model considerably exceeds the observed values in the midlatitudes.
[60] The differences between the simulations HOM and HETBD are small with regard to IWP and D eff . This indicates that the major differences to simulation REF do not result from the ice nuclei effects considered in HETBD but rather from other modifications, such as the changed formulation of sedimentation or the consideration of preexisting cloud ice in the ice nucleation parameterization. This, however, does not imply that IN effects are negligible in the simulations. The comparison discussed here focuses on semitransparent cirrus. Considering all high clouds (no restriction to specific optical thicknesses) reveals larger differences between HETBD and HOM particularly in the tropics (section 3.3).
[61] From the comparisons with TOVS we conclude that the new model performs well in simulating mean microphysical cloud features. However, in view of the uncertainties inherent in the retrieved D eff and IWP, this conclusion should be carefully considered. Uncertainties of the observations can be as large as 30% and are mainly due to retrieval assumptions on particle shape and size distribution, temperature profiles, as well as horizontal and vertical heterogeneity [Rädel et al., 2003; Stubenrauch et al., 2004] . It should also be taken into account that the contribution of snow (precipitating ice particles with volume equivalent diameters larger than 200 mm, section 2.2.1) to the model IWP has not been considered, which could have caused a bias toward too small model IWP in the comparison.
Ice Water Content
[62] Global observations of the IWC in high clouds are provided by the Microwave Limb Sounder (MLS) on board the Aura satellite launched in July 2004 [Waters et al., 2006] . To evaluate the IWC in the simulations presented here, we use MLS version 2.2 IWC data [Wu et al., 2008; Jiang et al., 2010] . We use 2 years of data from January 2005 to December 2006 screened for removing clear-sky residual noise and selecting significant cloud hits [Wu et al., 2008] . Data of six pressure levels between 215 and 83 hPa are considered. Typical precisions of these data decrease from 0.6-1.3 to 0.06 mg/m 3 from 215 to 83 hPa. Because of saturation effects, large MLS IWC values can be particularly uncertain. The largest valid IWC amounts to 50 mg/m 3 . The estimated measurement accuracy of the MLS IWC is a factor of 2.
[63] Figure 6a shows the zonal mean annual average vertical distribution of the MLS IWC between 215 and 83 hPa. The MLS data were transformed to the horizontal grid of the model to calculate averages. Corresponding model results are shown for simulations REF (Figure 6b ) and HETBD (Figure 6c ). The corresponding IWC distributions derived from the other simulations with the multiplemode ice scheme (not shown) are very similar to the HETBD results. The observed and modeled vertical IWC distributions in the tropics are similar with regard to spatial patterns. The MLS IWC in the tropics, however, is about a factor of 2 larger than the modeled values, particularly at the lower levels between 215 and 150 hPa. A possible reason for this discrepancy is that the model IWC analyzed for the comparison only comprises ice in large-scale stratiform clouds. Snow (section 2.2.1) as well as ice in subgrid-scale convective clouds, which are handled by the convection parameterization, are not included in this analysis. However, it should be taken into account that the deviations between the model and the observations are on the order of the accuracy of the MLS data. Hence, also uncertainties of the observations can contribute to the discrepancies. At higher altitudes around the 100 hPa level, the model IWC in the simulation with the new ice scheme (HETBD) agrees better with the MLS data. Simulation REF still shows distinctively lower IWC than MLS. This can be due to the changes in the sedimentation formulation (section 2.2.5) which resulted in increased IWC compared to simulation REF at many locations.
[64] At midlatitudes, the model shows larger IWC than the MLS data. Particularly the HETBD simulation shows higher IWC at altitudes of low cloud occurrence frequency above 200 hPa. In addition to model uncertainties, for instance, in the representation of ice sedimentation, also uncertainties in the satellite data could contribute to this discrepancy. The IWC data from the CloudSat satellite which is now becoming available shows larger IWC values than MLS [Waliser et al., 2009] . The mean IWC at midlatitudes above 200 hPa as suggested by the simulations is in better agreement with these data. Overall, the modeled vertical distribution qualitatively agrees with the satellite data, given the uncertainty associated with the various data sources.
Global Mean Cloud Properties
[65] Table 4 shows global mean values of cloud-related parameters from the model and different observational data sets. The total cloud cover is larger in simulations HETBD and HOM than in the reference run REF. This can be due to a less efficient ice sedimentation in the modified scheme and results in a better agreement with the observations. The total precipitation rate is in good agreement with the observations and changes only marginally with the cloud scheme. The modifications of the cloud scheme result in a slight decrease in the net cloud radiative forcing. The net cloud forcing changes mainly due to modifications of the short-wave forcing since for the crystal sizes regarded here, the shortwave forcing is more sensitive to changes in crystal size than the long-wave forcing [e.g., Zhang et al., 1999] . The increase in IWP, which itself would lead to an increased short-wave cloud forcing, is overcompensated by the effect of the increase in D eff . Compared to the REF simulation the net cloud forcing obtained with the new cloud scheme is in Stubenrauch et al. [2004] . The averages were calculated from in-cloud values only, which means that cloud-free areas were not considered. were averaged over cloudy cases only. Because of observational constraints only semitransparent cirrus clouds (solar optical depth between 0.7 and 3.8) at latitudes between 60°S and 60°N have been considered. The observed values are taken from TIROS-N Operational Vertical Sounder (TOVS) satellite data [Stubenrauch et al., 2004] . Total cloud cover (TCC) from ground-based measurements [Hahn et al., 1994] and satellite observations from the International Satellite Cloud Climatology Project (ISCCP) [Rossow and Schiffer, 1999] and Moderate Resolution Imaging Spectroradiometer (MODIS) [King et al., 2003 ] are considered. The observed total precipitation rate (P tot ) is taken from the Global Precipitation Climatology Project [Adler et al., 2003] . The observational data for the short-wave (SCF), long-wave (LCF), and net cloud forcing (CF) are taken from the Earth Radiation Budget Experiment (ERBE) [Kiehl and Trenberth, 1997] . In addition, observations of LCF from TOVS [Susskind et al., 1997; Scott et al., 1999] and SCF from CERES [Kim and Ramanathan, 2008] are taken into account. See Table 3 for the simulations.
worse agreement with the observations. However, it is still close to the observed range. While the differences in the global means induced by the new cloud scheme (differences between HOM or HETBD and REF) are generally significant, differences between the HETBD and HOM experiments mostly are small compared to the natural (interannual) variability of the respective mean cloud-related parameters.
Hence, the quality of the representation of heterogeneous nucleation effects in the model cannot be evaluated with the data provided in Table 4 .
Relative Humidity Over Ice
[66] The representation of ice supersaturation in the model applied here has been evaluated in earlier studies. Lohmann and Kärcher [2002] and also Haag et al. [2003] performed comparisons of RHI under cirrus conditions with MOZAIC (measurement of ozone and water vapor on Airbus in-service aircraft) data [Gierens et al., 1999] . Frequency distributions of clear-sky RHI in simulations with ECHAM4 considering aerosol-induced cirrus formation only by homogeneous freezing were compared with the observational data. The comparison showed that the model is able to reproduce the quasi-exponential shape, which is characteristic for RHI frequency distributions in ice-supersaturated regions. Such comparisons could be performed also for the present simulations including the effects of heterogeneous nucleation. In these model runs, however, cirrus clouds generally form when RHI reaches the critical value RHI crit assumed for the onset of heterogeneous nucleation. Hence, clear-sky RHI values larger than this threshold, assumed as 120% or 130% in the respective model runs, are suppressed. This implies a clear-sky frequency distribution of RHI similar to that derived from aircraft measurements in the Northern Hemisphere during the INCA field campaign [Haag et al., 2003] . The MOZAIC data set covers both clear-sky and cloudy conditions [Spichtinger et al., 2004] . Thus, RHI values above the heterogeneous freezing threshold frequently occur in this data set since RHI can further increase after heterogeneous nucleation when the cooling rate is sufficiently high. Hence, a comparison of the clear-sky frequency distribution gained from the model with the MOZAIC data would be meaningless. The option to compare all-sky RHI (including cloudy and cloud-free cases) is also not suitable since the large time steps in GCM often result in saturation ratios close to unity under cloudy conditions [Wang and Penner, 2010] . Also the use of satellite data for the evaluation of model RHI is not straightforward since these data sets either represent all-sky conditions or still contain signatures of thin cirrus [e.g., Spichtinger et al., 2003; Lohmann et al., 2008] . Hence, further long-term and large-scale in situ and satellite observational data on RHI for clear-sky conditions processed with highly sensitive cloud-clearing devices are required to enable a better evaluation of models.
Effects of Ice Nuclei on Cirrus 3.3.1. Effects on Ice Particle Number Concentration
[67] Figure 7a shows the zonal mean annual averages of the total ice crystal number concentration N ice (sum over all modes) in the simulation HOM where heterogeneous ice formation at temperatures below T hom is neglected and aerosol-induced cirrus formation is driven by homogeneous freezing only. Zonal mean crystal concentrations at cirrus levels reach values around 100 L −1 corresponding to mean in-cloud concentrations up to 1 cm −3 . Figures 7b-7d show the effects of IN from surface sources on the mean total crystal number concentration, revealed by simulations HETBD, HETDB, and HETD, respectively. The effects are derived from the differences between the respective simulation including heterogeneous nucleation and experiment HOM. Differences which are statistically significant at the 90% level of the Student's t test are highlighted in color. The results suggest that heterogeneous nucleation causes a reduction in the average N ice . This was expected since heterogeneous ice formation diminishes the efficiency of homogeneous freezing. It either reduces the number of crystals formed during subsequent homogeneous freezing events or even prevents homogeneous freezing. Increases of the crystal number possibly occurring at comparatively low cooling rates [Kärcher et al., 2006] on the same assumptions as experiment HETBD, but heterogeneous nucleation on aircraft-generated BC is considered in addition. Compared to HETBD, the aviation BC effect does not change the magnitude of the total IN effect on N ice (Figure 7e ). However, it causes a vertical shift in the location of the maximum N ice change to lower altitudes, where BC related to emissions along tropical flight routes is found more frequently .
[68] The effects described above are mostly significant at the 90% level. However, less significant differences partly occur, particularly at higher altitudes. Nearly no significant differences in the average N ice between experiments HETA and HETBD (Figure 7f ) are found. The quantification of these signals is hampered by a considerably large variability of the crystal number concentration in cirrus caused, for instance, by the variability of mesoscale updraft velocities. In many cases this variability is larger than the IN effects simulated here. Because of low signal-to-noise ratios the effects cannot be quantified. Therefore, the increase in N ice in the tropical UTLS calculated from the difference between experiments HETA and HETBD (Figure 7f ) might be related to noise rather than heterogeneous nucleation on BC from aviation.
[69] These results show that the feasibility of analyzing the IN effects on N ice by the comparison of different GCM simulations is limited. In particular, no significant signals can be quantified for the individual effects of BC from aviation (difference HETA minus HETBD) as well as for IN effects in general at midlatitudes. An analysis of the frequency of ice from homogeneous freezing, however, shows that such effects might not be negligible. We therefore discuss IN effects on homogeneous freezing in more detail in section 3.3.2 and describe the quantification of IN effects on N ice by an alternative method in sections 3.3.3 and 3.3.4.
Effects on Homogeneous Freezing
[70] Figure 8a shows the frequency of occurrence of the ice mode hom formed by homogeneous freezing of liquid aerosol in experiment HOM. The frequency represents the annual and zonal mean grid box fractional coverage of clouds containing ice from homogeneous freezing. It ranges from about 20% up to 40% in areas of major cirrus occurrence. In the following, we analyze the potential of heterogeneous nucleation to perturb homogeneous freezing on the basis of experiments HETBD and HETA since the IN effects on N ice are largest in these model runs (Figure 7) . When heterogeneous nucleation is taken into account, the frequency of the hom mode is reduced significantly. Relative reductions of up to 10% occur when ice formation on IN from surface sources is taken into account (difference HETBD minus HOM; Figure 8b ). The effect is particularly large at midlatitudes where no significant change of N ice could be quantified. In the tropics only a small reduction of the frequency of the hom mode is simulated although large changes of N ice are modeled (Figure 7b ). This suggests that, in this area, heterogeneous nucleation rather reduces the crystal number formed by homogeneous freezing than shutting off homogeneous freezing entirely. Considering heterogeneous ice formation on BC from aviation causes an additional reduction of the frequency of hom at northern midlatitudes (Figure 8c ). The relative reduction amounts to 5%-10% in the northern midlatitude UTLS compared to HETBD.
Alternative Quantification of Ice Nuclei Effects
[71] The frequency analysis discussed above suggests the potential for heterogeneous nucleation to affect N ice even in areas where no significant N ice change could be derived from the differences of the model experiments performed here. Heterogeneous nucleation results in ice modes characterized by particularly low crystal concentrations (Figure 3) . Hence, distinctive reductions in the total ice crystal number concentration can be expected as a consequence of reductions in the occurrence frequency of homogeneous freezing caused by the presence of heterogeneous IN.
[72] The model assessment of IN effects on cirrus microphysical properties is complicated here by the noise inherent in the differences between the GCM simulations performed. As an alternative, we estimate the effects based on an analysis technique applied in single simulations. In these simulations, the ice formation parameterization [Kärcher et al., 2006] is called twice, with different assumptions on ice nucleation. A standard call is used to drive the cloud module. A second call with modified assumptions on heterogeneous nucleation is used as a test call to assess potential changes in cloud properties due to differences in the nucleation process. This results in two different values of the total initial ice crystal number concentration N ini supplied by the parameterization when new crystals are generated. In the following we denote the initial crystal number concentrations passed over to the cloud module as N ini cloud and the corresponding concentration from the test call as N ini test . Both quantities are kept as cloud attributes during the full lifetime of simulated cloud ice and are updated when additional crystals are generated during secondary nucleation events. The effect of changed ice nucleation assumptions on the current total ice crystal number is then estimated applying a simple scaling technique:
Uncertainties are inherent in this method, particularly because of the neglect of microphysical changes caused by IN-induced differences in cloud aging. It is assumed that the relative change in ice particle number concentration described by equation (7) stays constant for the respective cloud, unless additional nucleation occurs. We apply the scaling method to the total ice population (sum over modes) present in modes het-du, het-bc, and hom. The misc mode is not considered since its crystal number has other sources than those represented by the Kärcher et al. [2006] parameterization and is not affected by the presence of IN during cirrus formation. Figure 9 shows the resulting zonal mean annual average change in ice crystal number concentration due to heterogeneous nucleation. We made the same assumptions on the IN freezing abilities as in experiments HETBD and HETA to maximize the effect. Effects of IN from surface sources (BC and mineral dust) are estimated from the simulation HOM including a test call of the ice nucleation parameterization considering heterogeneous nucleation as in simulation HETBD. The results shown in Figure 9a correspond to the difference between HETBD and HOM shown in Figure 7b . The scaling technique reveals maximum reductions in the mean ice crystal number concentration between about 10 and 30 L −1 in the tropics. The obtained signal is very similar to the result from the difference between HETBD and HOM. Hence, the method seems to be robust enough to provide a good approximation of the effect.
Discussion of Ice Nuclei Effects on Cirrus
[73] No significant differences between the simulations HETBD and HOM were detected in the midlatitudes (Figure 7b) . The scaling method, however, reveals a reduction in the zonal mean annual average midlatitude crystal concentration of about 1-5 L −1 (Figure 9a ). This corresponds to relative reductions of 1%-10%, with the largest effects in the Northern Hemisphere where IN are particularly abundant. The midlatitude effect exhibits a marked seasonal variation (not shown) with largest reductions of more than 10% during summer and reductions of a few percent only during winter. This is mainly due to a higher availability of IN in the UTLS during summer caused by particularly efficient upward transport. IN concentrations at cirrus levels are larger in the midlatitudes than in the tropics (Figure 2 ). Their effect on N ice , however, is largest in the tropics where reductions in the mean ice particle number concentration of up to 30 L −1 are simulated (Figure 9a ), corresponding to relative reductions of up to 20%. This agrees with the study by Kärcher [2004] which suggests that even a small amount of efficient IN (1-10 L −1 ) near the tropical tropopause has the potential of altering microphysical properties of cirrus. The effect was caused by assuming threshold relative humidities for heterogeneous ice nucleation lower than those required for homogeneous freezing. It also agrees with the results of Penner et al. [2009] , who use an off-line approach based on ice nucleation parameterizations driven by precalculated meteorological fields and aerosol concentrations to quantify global aerosol effects on nucleated ice particle number concentration. Reductions in the mean ice crystal number concentration of several 10% induced by BC particles from anthropogenic sources at the Earth's surface where simulated for the tropical UT.
[74] In situ measurements by Lawson et al. [2008] in thin cirrus clouds close to the tropical tropopause indicate that ice crystal number concentrations can be small (<100 L −1 ) under these conditions. Jensen et al. [2010] argued that such small concentrations probably cannot be caused by homogeneous freezing under these conditions and suggest that they could be related to having on the order of 50 L −1 effective ice nuclei (possibly composed of ammonium sulfate) nucleating ice at relatively low supersaturations. Although our simulations reveal that heterogeneous nucleation can have important effects in the tropical UTLS, homogeneous freezing frequently occurs and generates mean in-cloud ice crystal concentrations of several 100 L −1 . This, on the one hand, could be attributed to the modeled mean concentrations representing all types of ice clouds, including also thicker cirrus. On the other hand, the effect of heterogeneous nucleation in the simulations could be too small because of particular IN types not yet represented in Figure 8 . Vertical distributions of the zonally averaged annual mean (a) occurrence frequency of ice from homogeneous freezing of liquid aerosols (hom mode), (b) its absolute change due to heterogeneous nucleation on BC from surface sources and mineral dust particles (difference HETBD minus HOM), and (c) additional change due to ice formation on BC from aircraft (difference HETA minus HETBD). The occurrence frequency represents the annual and zonal mean grid box fractional coverage of clouds containing ice from homogeneous freezing. Only clouds with a total ice water content larger than 0.5 mg/kg air and a contribution of ice from homogeneous freezing larger than 1% of this threshold are considered. Changes significant at the 90% level of the Student's t test are highlighted in color. Note the different scales in Figure 8a and Figures 8b and 8c. the model or because of too high cooling rates. Other in situ measurements by Krämer et al. [2009] also show very small ice crystal number concentrations in cold tropical cirrus clouds. Besides heterogeneous freezing, Krämer et al. [2009] suggest the suppression of homogeneous ice crystallization at low temperatures in highly viscous aqueous organic acid droplets [Murray, 2008] as a possible explanation for the low crystal numbers. Since this process is not yet considered in our model, homogeneous freezing could possibly generate too many particles at very low temperatures.
[75] Effects of IN resulting from BC emissions of aviation are estimated from the simulation HETBD including a test call of the ice nucleation parameterization considering heterogeneous nucleation as in simulation HETA. The result which corresponds to the difference between the simulations HETA and HETBD is shown in Figure 9b . Heterogeneous nucleation on aircraft-generated BC causes an additional reduction of the mean crystal number between about 1 and 5 L −1 at northern midlatitudes where high aviation activities lead to a considerable BC emission. This corresponds to an additional relative reduction in the mean ice crystal number concentration of up to 10%. A similar aviation effect in the tropics is simulated although concentrations of aircraftgenerated BC are smaller here (Figure 2) .
[76] The effect of BC from aviation on N ice is smaller than in the study by Hendricks et al. [2005] where relative changes of the zonal mean annual average N ice of up to 30% were simulated. An important reason for this difference is that smaller IN concentrations are considered in the present study. Only small fractions of the available BC and dust particles are assumed to form ice (section 2.3). Hendricks et al. [2005] assumed a scenario where all available BC and dust particles can act as IN (scenario 1). Alternatively they assumed that heterogeneous nucleation occurs on aircraft-generated BC only (scenario 2), still assuming that all BC particles from aviation can form ice. Another possible reason is the consideration of preexisting ice in the ice nucleation parameterization. This was neglected previously and probably limits increases in N ice during secondary nucleation events. As in scenario 2 of Hendricks et al. [2005] , aviation BC emissions cause a reduction of N ice in the simulations performed here. This reveals that BC from aviation further diminishes the efficiency of homogeneous freezing, rather than increasing N ice in a scenario which is already dominated by heterogeneous nucleation. A new feature of the present simulations, in comparison to that of Hendricks et al. [2005] , is the aviation-induced decrease in N ice in the tropics. Such an effect was also found by Penner et al. [2009] . In the Hendricks et al. [2005] study the aviation effect was restricted to midlatitudes since a high threshold IN concentration for the occurrence of heterogeneous freezing was assumed which was hardly reached in the tropics in scenario 2. In scenario 1 the aviation-induced IN perturbation probably was too small in the tropics to cause a detectable signal.
[77] The effect of heterogeneous ice nucleation on BC from aviation was also quantified in the GCM study by Liu et al. [2009] . The study reveals an increase in the zonal mean annual average ice crystal concentration at northern mid and high latitudes ranging between about 10 and 100 L −1 in a scenario where BC can form ice above critical relative humidities RHI crit of 120%-130%. In these simulations, heterogeneous nucleation is assumed to occur on BC only and dust impacts are neglected. The aviation effect is reduced when RHI crit is increased to 140% but still reaches values of more than 30 L −1 . These results are in contradiction to the small decrease of a few crystals per liter simulated in the present study. Liu et al. [2009] admit that the increase in N ice obtained in their simulations indicates that heterogeneous nucleation dominates ice formation, particularly in the scenario where low values of RHI crit were assumed. This is a similar result as obtained by Hendricks et al. [2005] for their scenario 1 where all BC and mineral dust particles were considered to serve as IN. A dominance of heterogeneous nucleation implies that heterogeneous ice formation controls the ice crystal number concentration and homogeneous freezing is of secondary importance. This, however, does not agree with inferences from in situ measurements [Haag et al., 2003 ] which show that even in the polluted Northern Figure 9 . Same as Figure 7 but for the absolute change in crystal number concentration due to heterogeneous nucleation estimated by the scaling method. (a) Absolute change due to heterogeneous nucleation on BC from surface sources and mineral dust particles derived from scaling HOM to HETBD (corresponds to difference HETBD minus HOM) and (b) additional change due to heterogeneous nucleation on BC from aircraft derived from scaling HETBD to HETA (corresponds to difference HETA minus HETBD).
Hemisphere cirrus do not form exclusively on heterogeneous ice nuclei and homogeneous nucleation is of crucial importance. Furthermore, relative humidities observed from satellites often reach the homogeneous freezing threshold [Kahn et al., 2009] . Liu et al. [2009] also quantified the effects of the total increase in BC from preindustrial to present-day conditions and found considerable cirrus perturbations. This analysis, however, might also be affected by dominance of heterogeneous nucleation. Potential reasons for this dominance in the Liu et al. [2009] results as, for instance, too low maximum RHI values, are discussed by Penner et al. [2009] who performed off-line calculations with the ice nucleation parameterizations applied by Liu et al. [2009] . In these calculations, the dominance of heterogeneous nucleation is reduced and occurs only at lower levels (below about 200 hPa), predominantly in the Northern Hemisphere.
[78] Along with the perturbations of N ice described above, the consideration of heterogeneous nucleation in the present study also affects the ice water content. The simulations suggest significant reductions of the ice water content when heterogeneous nucleation on IN from surface sources is considered (not shown). The effect particularly occurs in the tropics where also significant changes of N ice are simulated. Relative reductions of up to 10%, in terms of zonal mean annual averages, are obtained when simulation HETBD is compared to simulation HOM. No significant changes of the ice water content due to BC from aviation could be detected. The quantification of such an effect as well as the detection of possible ice water content changes in the midlatitudes due to IN from surface sources might suffer from too low signal-to-noise ratios and should be the subject of a more refined analysis in future studies. However, the consideration of IN causes significant reductions in the UTLS water vapor concentration in the tropics and the midlatitudes. Reductions in the zonal mean annual average water vapor mixing ratio of up to 5% occur because of the consideration of IN in simulation HETBD (difference between HETBD and HOM). The model runs performed here suggest that the cloud occurrence frequency is less sensitive to the microphysical perturbations induced by IN. Significant changes rarely occur. However, also this quantity should be a subject of future analysis.
Conclusions and Future Directions
[79] The novel multiple mode ice microphysical scheme applied in the ECHAM GCM allows the quantification of the individual microphysical properties of cloud ice formed by different heterogeneous ice nucleation pathways (specifically those triggered by mineral dust and black carbon ice nuclei at cirrus temperatures), by homogeneous freezing of supercooled aerosols and from other sources (glaciation of supercooled water clouds, deep convective outflow, ice formation by cloud droplet-snow collisions, and heterogeneous deposition-condensation nucleation at warmer temperatures). The competition of these modes for available water is realized in a physical parameterization scheme describing ice formation, which additionally considers the effect of preexisting ice on the ice nucleation process.
[80] Our simulations reveal specific regional and global climatological characteristics of ice formed on different aerosol types. Ice formed at low temperatures in the UTLS by homogeneous freezing of liquid aerosol has very large contributions to the mean ice crystal number concentration and ice water content. The ice modes formed by heterogeneous nucleation on a limited number of mineral dust and black carbon IN particles modulate the simulated cirrus properties. On average, these heterogeneous nucleation modes have small contributions to the total ice particle number concentration. Because of these small number concentrations, ice particles formed by heterogeneous nucleation can grow to comparatively large sizes, which implies that they can be subject to efficient sedimentation and precipitation formation. This is consistent with larger mean contributions of ice from heterogeneous nucleation to the total ice water content than to the total number concentration in our simulations.
[81] The global effects of ice nuclei on cirrus clouds were quantified by a set of simulation scenarios assuming various critical relative humidity thresholds at which ice can form heterogeneously as well as fixed ice active fractions of mineral dust and black carbon particles. The choices of both parameters were guided by field and laboratory studies. We note, however, that current observational data sets do not provide sufficient information to fully constrain these parameters. Our results suggest reductions in the zonal mean annual average cirrus ice particle number concentrations induced by heterogeneous ice nuclei in cirrus levels. The largest reductions of up to 20% predicted by our simulations occur in the tropics when ice nuclei related to black carbon from surface sources and mineral dust are assumed to form ice above critical relative humidity thresholds of 120% and 130% over ice, respectively. The mean reductions amount to 1%-10% in midlatitudes, with largest changes in the Northern Hemisphere where the abundance of ice nuclei is high. Coincident with the largest changes in ice particle number, reductions in the mean ice water content of up to 10% are simulated in the tropical regions. This is likely a consequence of efficient sedimentation and precipitation of large ice particles generated by heterogeneous nucleation and leads to a decrease in UTLS water vapor concentrations. The zonal mean annual average water vapor mixing ratio is reduced by up to 5% in the tropical and midlatitude UTLS. The comparatively large effects of ice nuclei on tropical cirrus as simulated here suggest that thin tropopause cirrus clouds, which frequently occur in the tropics, are particularly susceptible to perturbations induced by ice nuclei.
[82] Regarding large-scale aircraft soot effects on cirrus, an additional reduction in the UTLS ice crystal number concentration is simulated when heterogeneous ice formation on jet engine-generated black carbon particles is included in the simulations. The decrease in the zonal mean annual average ice crystal number concentration amounts to 1%-10% at northern midlatitudes and in the tropics. These estimates are based on the assumption of a rather high ice active fraction of 10% and a rather low critical relative humidity threshold of 120% for heterogeneous nucleation on aircraft-generated soot particles. In the tropics, a relevant aviation effect is simulated, although the contribution to the black carbon budget from aviation is small. This is a new result compared to our earlier studies [Hendricks et al., 2005] which suggested that aviation soot effects are restricted to northern midlatitudes. An additional important difference to the earlier studies is that the cirrus perturbations induced by soot from aviation are distinctively smaller in the present simulations. Compared to another global model study by Liu et al. [2009] , the simulations presented here also suggest a smaller aviation soot effect on cirrus ice crystal number concentration, with opposite sign. While aviation soot causes a reduction in the mean crystal number concentration in our simulations, Liu et al. [2009] suggest an increase in crystal number. These differences could be due to a smaller availability of active ice nuclei assumed in the present study or differences in the representation of cooling rates.
[83] The new multiple ice mode scheme applied here has also been used to analyze the frequency of occurrence of cirrus clouds formed by specific ice modes. IN-induced decreases in the mean occurrence frequency of ice from homogeneous freezing of liquid aerosols reveal that the competition with heterogeneous nucleation can prevent homogeneous freezing from occurring, particularly in the midlatitudes, where relative frequency reductions of up to 10% are simulated. In the tropics, the reduction is small, which indicates that the large reductions in the mean ice particle concentration induced by heterogeneous nucleation there are mainly caused by a decrease of the number of ice particles formed by homogeneous freezing (and not by complete inhibition of homogeneous freezing).
[84] The results of the present study demonstrate that ice nuclei can affect cirrus clouds globally by inducing specific regional perturbations to the cloud ice particle number and ice water content. Future studies should focus on the radiative and climatic impacts of mineral dust and black carbon ice nuclei. Recent laboratory studies reveal that homogeneous freezing can be suppressed at low temperatures in highly viscous aqueous organic acid droplets [Murray, 2008] . It was further shown that glassy organic aerosols can possibly act as nuclei for heterogeneous ice nucleation at low temperatures in the tropical UTLS [Murray et al., 2010] . Recent field measurements indicate that significant amounts of internally mixed sulfate-organic particles are available in the tropical tropopause layer and could be involved in cirrus formation [Froyd et al., 2009 [Froyd et al., , 2010 . Hence, possible effects of organic aerosol compounds on tropical cirrus warrant attention in global model studies. Other laboratory studies indicate a potential for heterogeneous ice nucleation on crystalline ammonium sulfate particles [e.g., Abbatt et al., 2006; Wise et al., 2009; Baustian et al., 2010] . Hence, also the potential of such aerosol particles for changing global cirrus properties could be investigated by means of further global modeling.
[85] There are several issues that currently prevent a robust quantification of the global effects of ice nuclei on clouds and precipitation. The level of understanding of heterogeneous ice nucleation is poor, in part owing to the lack of data taken in the troposphere and the lack of physical theory to describe ice formation rates of various nucleation modes accurately. In situ measurements better constraining the relevant parameters of ice nuclei as well as a better understanding of the interplay between small-scale variability in supersaturation and ice nucleation are regarded as crucial steps to make headway in evaluating the role of ice nuclei in the atmosphere-climate system. Supported by theory and cloud-resolving simulations, such information may help to improve the simulation of the global effects of ice nuclei on mixed-phase clouds and pure ice clouds via suitable microphysical parameterizations.
[86] With reference to ice phase processes, cloud schemes in large-scale models need to be modified in order to reconcile the physical treatments of cloud fraction, ice supersaturation and ice microphysics [Kärcher and Burkhardt, 2008] . Traditional approaches treat liquid clouds and cirrus on the basis of the same physical assumptions, although observations demonstrate that significant differences exist between these cloud types. These differences necessitate a special treatment of pure ice clouds. In this context, we recall the crucial importance of improved vertical velocity estimates for simulating ice nuclei effects [e.g., Joos et al., 2009] . Large-scale vertical wind speeds must not be used to drive our ice nucleation parameterization, because this would lead to a serious underestimate of the number of ice crystals formed by homogeneous freezing and tend to overemphasize the effects of ice nuclei in the cirrus formation process ]. Higher vertical wind speeds and associated temperature changes lessen the effects of ice nuclei. In the absence of a consistent, modelbased method to estimate the entire subgrid variability of the vertical wind field relevant for ice nucleation, we use ECHAMs turbulent kinetic energy to calculate an unresolved vertical wind component , yielding realistic ice crystal concentrations. Clearly, more efforts must be directed toward solving these issues. To evaluate refined large-scale model representations of cirrus microphysics, more long-term global observational data on ice microphysical parameters with reduced uncertainties are required. Finally, global models need to predict the state of mixing of ice-nucleating aerosol particles, besides number and size, as the mixing state is one important parameter controlling the ice nucleation activity. This requires the coupling of global atmospheric models with interactive, detailed aerosol modules [e.g., Aquila et al., 2011] .
